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Abstract 
When an animal is harvested for meat, the resulting carcass is processed to provide safe and 
wholesome meat products for the consumer. One of these processing steps for pigs known as 
scalding involves heating the carcass in hot water (60ºC) in order to remove the hair. Despite its 
necessity, previous data from our research group has indicated that muscle temperature increases 
from normal body temperature of 39ºC to 43-47ºC in current commercial pigs during scalding. 
This rise in temperature may delay carcass chilling and be detrimental to pork quality. Therefore, 
the objective of this investigation was to determine the effects of increased muscle temperature 
early postmortem on pork quality. We hypothesized that increased muscle temperature will 
accelerate postmortem pH decline which is detrimental to pork quality. To test this hypothesis, 
samples from two glycolytic muscles (longissimus dorsi and biceps femoris) and one oxidative 
muscle (masseter) were collected immediately after slaughter and frozen. The tissues were 
powdered and homogenized into our in vitro system designed to mimic postmortem glycolysis. 
The homogenates were incubated in a programmable dry heating block with three different 
temperature programs. The temperature programs were chosen to subject the in vitro muscle 
homogenates to the raised muscle temperatures changes caused by scalding. Samples of the 
homogenate were removed at 0, 20, 40, 60, 80, 100, 120, 140, 160, 220, 250, and 1440 min for pH 
analysis. Increasing the temperature of longissimus dorsi and biceps femoris to 43ºC resulted in 
significantly faster rates of pH decline and an ultimate pH below what is desired. This suggests 
the longissimus dorsi and biceps femoris are susceptible to a deterioration of fresh meat quality 
characteristics caused by an increase in temperature early postmortem. Therefore, data from this 
study suggest that scalding temperature and time durations need to be reevaluated to ensure pork 
quality is not negatively affected. 
  
Introduction 
In the normal process of harvesting animals for meat, the animal is first rendered unconscious and 
insensitive to pain by stunning. This is followed quickly by exsanguination or blood loss which 
kills the animal. However, once the animal expires, a series of biochemical reactions known as 
glycogenolysis and glycolysis occur in skeletal muscle in an attempt to maintain ATP homeostasis. 
Ultimately, the muscle fails to maintain homeostasis and ATP concentration is exhausted. 
However, this biochemical process is responsible for the characteristic pH decline in skeletal 
muscle from pH 7.2 in living skeletal muscle to a pH of near 5.6 in meat. The acidification of the 
muscle produces the characteristics taste and texture associated with fresh meat. Deviations from 
the normal rate and extent can produce lesser quality meat with pale color, low water-holding 
capacity, and a soft texture. 
 
While these postmortem biochemical reactions are somewhat established, understanding how the 
muscle produces ATP is still not fully understood. Most ATP produced is through anaerobic 
glycogenolysis and glycolysis. When oxygen is not available, the skeletal muscle begins to 
undergo glycogenolysis, or the breakdown of glycogen for energy. Ultimately, one glycogen 
moiety is converted into two pyruvate molecules. Under aerobic conditions, the pyruvate 
molecules are further utilized in the mitochondria for ATP production. However, postmortem 
skeletal muscle is anaerobic and the pyruvate is converted to lactate to provide substrate (NAD+) 
for glycolysis to continue. In living animals, the lactate that is produced is removed through 
circulation of blood. In a slaughtered animal, however, this lactate accumulates while the glycogen 
stores are exhausted. Ultimately, this process terminates when pH inactivates 
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phosphofructokinase-1. At this point, postmortem pH decline is completed. Because this 
postmortem conversion of muscle to meat is an enzymatically controlled process, it is important 
to understand the regulation of enzymatic activity to understand the rate and extent of postmortem 
pH decline. 
 
Currently, there is a quality defect in the pork industry known as two-toning. This problem arises 
from a pale ‘halo’ just below the subcutaneous fat of the carcass resulting in uneven color in meat. 
This was specifically seen in the hams of this study and because many of the initial 
characterizations of two-toning coincided with accelerated and extended postmortem pH decline, 
we proposed that this problem has arisen from heat abuse of the carcass postmortem. Further, we 
hypothesized that excessive temperature abuse postmortem was accelerating the postmortem pH 
decline. 
 
Heat abuse in pigs can come from one or more sources. The first heat problem arises from the 
conversion of muscle to meat as these collective chemical reactions are exothermic. As glycogen 
is metabolized into ATP and lactate, muscle temperature can increase. Therefore, if glycogenolysis 
and glycolysis is accelerated through intrinsic or extrinsic factors, the muscle can actually heat up 
after the animal expires. When internal skeletal muscle temperature increases at the same time pH 
decreases, negative meat quality attributes can arise due to protein denaturation. Typically, the 
‘danger zone’ temperature for poor meat quality attributes is 43°C. As a way of combating this, 
the process of chilling carcasses is used. By chilling the carcasses quickly, the pH decline is slowed 
and the carcass does not increase in temperature. Slowing the pH decline means that proteins might 
not be denatured and the meat may retain the ability to retain more water resulting in better quality.  
 
The second heat problem is extrinsic and arises from carcass processing. The meat industry, 
especially the pork industry relies on scalding as a form of hair removal. The common scalding 
process used, is normally found to be successful by placing the carcass in 60°C water for 5-7 
minutes or as long as 9 minutes during autumn and winter months. As the carcass is scalded, skin, 
fat, and muscle temperatures begin to increase. This process is not consistent across processing 
facilities and can vary greatly depending upon the situation and harvesting process. Therefore, 
understanding the impact of scalding on meat quality and the conversion of muscle to meat is 
important for the future success of the pork industry.  
 
Problem Identification and Justification 
Postmortem metabolism directly influences meat quality attributes like color, water-holding 
capacity, and consumer appeal. Therefore, understanding the biochemical regulation of the process 
is fundamental to understand the development of meat quality. In this study, knowing how pH 
decline occurs as temperature changes is important in the understanding of protein functionality 
and meat quality. It is known how pH affects meat quality at a single temperature, but in reality, 
skeletal muscle temperatures can increase or decrease postmortem. Therefore, understanding how 
temperature affects the meat quality could allow for changes in how carcass temperature is 
controlled following slaughter. Knowing more about this process will allow for changes to be 
made in the slaughtering process and the way meat processing occurs in order to assure the meat 
is of the highest quality possible. 
 
Hypothesis 
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We hypothesized that raised muscle temperature occurring during scalding will accelerate 
postmortem pH decline which is detrimental to pork quality. 
 
Materials and Methods 
In order to conduct this study, the initial step was to determine the temperature increase occurring 
at the interface between subcutaneous fat and skeletal muscle in hams. Unfortunately, that 
information was unavailable in the scientific literature. Therefore, this information needed to be 
generated to determine the ability of ham muscles to exceed the ‘danger zone’ temperature of 
43°C. To test the hypothesis that the scald tank was inducing two-toning, the follow-up study at 
OSU attempted to determine if the temperature at the interface between the subcutaneous fat and 
muscle (biceps femoris) was able to achieve the requisite temperature (43ºC or above) to induce 
aggressive metabolism. Therefore, 11 fresh hams were sealed in vacuum bags, and warmed to 
39ºC (normal pig body temperature) overnight in a smokehouse until the center of the ham 
equilibrated. Afterward, a button thermocouple was placed at the interface of the subcutaneous fat 
and biceps femoris of the ham. The incision was closed, and the ham resealed in a vacuum bag. 
Hams were then submerged in the scald tank at 60ºC ± 1ºC. After the 8 min scald, the thermocouple 
was retrieved, temperature data collected, and fat depth covering the thermocouple was measured. 
As expected, the temperature at the interface between the subcutaneous fat and the biceps femoris 
was able to exceed 43°C in most hams. For instance, the temperature at the interface of fat and 
muscle for the leanest ham (0.9 cm fat thickness) increased from 39ºC to 50ºC during the 8 min 
scald time. As a follow-up, the temperature and fat thickness data from all the hams was compiled 
to develop a preliminary statistical model that described the temperature at the interface of fat and 
biceps femoris as a function of scalding time while accounting for varying fat thickness over the 
thermocouple (Fig. 1). In short, all but the fattest hams exceeded 43°C during an 8 minute scald. 
Therefore, to test the hypothesis that the elevated temperature can accelerated and extend 
postmortem pH decline, an in vitro glycolytic system was utilized. 
 
Tissue Samples: Tissue samples were collected from two glycolytic muscles (longissimus 
dorsi and biceps femoris) and one oxidative muscle (masseter) in the USDA inspected 
slaughterhouse in the Animal Sciences Building at The Ohio State University. The sample 
collection began within 5 minutes postmortem and they were immediately frozen thereafter in 
liquid nitrogen. Multiple samples were taken from each of the six animals to compare between 
different experiments. They were transferred immediately to a cooler and then taken to a freezer 
to be stored at -80°C. This prevented any enzyme activity from occurring that would affect the 
testing to be done at a later time. Once ready for testing to commence, the tissue samples were 
powdered with a liquid nitrogen cooled mortar and pestle. The samples were ground quickly into 
small particles and placed in test tubes that have also been cooled by liquid nitrogen. Samples were 
then stored on dry ice until they were needed for testing. 
Testing began to compare the rate and extent of postmortem metabolism glycolysis under varied 
temperature declines.  In order to test glycolysis, the powdered muscle samples homogenized in a 
buffer containing 40mM glycogen, 60mM KCl, 30mM creatine, 25mM carnosine, 5mM MgCl2, 
5mM ATP, 0.5mM ADP, 10mM Na2HPO4, 10mM Sodium acetate, and 0.5mM NAD
+ (England, 
Matarneh, Scheffler, Wachet, & Gerrard, 2015; England, Matarneh, Oliver, et al., 2015; England 
et al., 2014). The buffer pH was adjusted by using an acid or base to achieve a pH of 7.2. Then 
these samples were be placed in a heating procedure starting at 38°C (normal body temperature of 
pigs) and decreased with time to match industry standards for temperature decline of in vivo 
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carcass data to obtain a baseline. Then, temperature decline was accelerated and decelerated to 
understand the impact on glycolysis and ultimate meat quality. Samples were removed at 0, 20, 
40, 60, 80, 100, 120, 140, 160, 220, 250, and 1440 minutes for metabolite analysis and placed in 
ice until they could be processed. The three heating procedures that were done can be seen in Table 
1. 
  
pH Analysis: The muscle pH of each sample was taken according to the procedure used in 
(England, 2015). Homogenate samples were transferred to a new tube, and one volume of 25 mM 
sodium iodoacetate and 750 mM KCl (pH 7.0) was added (2-4). Samples were equilibrated to 
25 °C, centrifuged, and measured immediately thereafter using a pH probe. 
 
Data analysis: The in vitro glycolytic data are presented as mean ± SE. All data were analyzed 
with a mixed model in JMP. Individual animals were recognized as an experimental unit and time-
course data were analyzed with a split-plot design and all differences are presented within time. 
The least squares means were evaluated using a Student's t-test and considered significant at 
P ≤ 0.05. 
 
Results 
With regards to pH, there was no effect of early postmortem temperature changes on pH decline 
of the masseter muscle (Figure 2).  During all three temperature trials, the pH change remained 
similar and the differences were not significant. However, increasing early postmortem 
temperature accelerated and extended pH decline for both the longissimus dorsi (Figure 3) and 
biceps femoris (Figure 4). Heating procedure 2 in both of these muscles caused the pH to decline 
more rapidly and settle at an ultimate pH below 5.6. When the temperature was raised and then 
held at 43°C (heating procedure 3), the decline was even more rapid and had a significantly lower 
final pH. Increasing the initial temperature of longissimus dorsi and biceps femoris to 43°C 
resulted in significantly faster rates of pH decline and an ultimate pH below the desired 5.7. 
This suggests that glycolytic muscles (longissimus dorsi and biceps femoris) are more susceptible 
to fresh meat quality characteristic defects caused by an increase in temperature early postmortem.  
 
Discussion 
The pH of pork is often an indicator of quality and correlates to the color and water holding 
capacity of the meat. These characteristics influence consumer decisions and buying preferences. 
The impacts of this research can help the meat industry to be more profitable and enjoy better 
success in the future.  
 
As pH changes, it can impact the quality of the pork, and studies have shown that the ultimate pH 
of meat can account for 79% of the variation seen in meat color, 57% of variation in the drip loss, 
and 77% of the variation in purge loss (Binder, Ellis, et al, 2004). This variation can affect meat 
quality, microbial activity, shelf life, and spoilage rate. Ultimate pH of more than 5.8 can indicate 
meat that is DFD or dark, firm, and dry meat, is present and can cause darkened meat that retains 
little water. The high pH can increase the microbial population of the meat which creates a darker 
meat and shows a decreased shelf life (Holmer et al., 2009). Lower ultimate pH can result in lighter 
meat color with more water holding capabilities and if too low PSE, pale, soft, exudative meat. As 
the ultimate pH is 5.4 or below, PSE can occur and result in meat that is extremely light colored, 
and will have substantial drip loss when thawed or cooked. 
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In this study, the longissimus dorsi and the biceps femoris muscles were susceptible to heating 
procedures causing their ultimate pH to change. As pork undergoes scalding procedures in order 
to remove the hair from the skin, it causes an increase in the internal temperature of the pig. During 
the test with the scalding of hams, it was determined the temperature the meat may reach through 
the scalding process is upwards of 43°C. The implications of the raised internal temperature of the 
meat were the basis of the heating trials conducted on the three muscles. Testing the different 
heating trials allows the difference between meat that does not undergo any internal heating from 
scalding and one that is influenced by the scalding to be compared. Seeing that significant 
differences exist within the glycolytic muscles when they undergo heating procedures resulting in 
ultimate pH lower than the base level shows that the quality can be impacted. As other studies 
show, pH below 5.4 can result in pork that is PSE. This pH leads to greater protein denaturation 
which causes damage to the membranes around the myofibrillar bundles which allows water to go 
through the bundles. This is the reason for more water loss during the thawing or cooking of the 
meat. 
 
This information is pertinent to the pork industry and could result in changes that could save the 
industry money lost in sales due to meat of lesser quality. Scalding is one option to remove hair 
from pig carcasses and it is the most commonly used in the pork processing industry. Dehiding 
pigs is one option for forgoing the scalding process. In dehiding the pig, the skin layer is removed 
and there is no heat applied to the carcass. This would not increase the internal temperature of the 
carcass and therefore there would not be a decrease in the ultimate pH seen in the muscles. The 
downside of dehiding is that it is labor intensive and requires a lot more time, training, and people. 
This would lead to better quality meat that has better coloring, and water holding capacity that 
appeals to consumers, but it would slow the time of processing and production overall. 
 
Another option is to reevaluate the ways in which we scald. The typical way of scalding meat is to 
place the carcass in a large tank of water for 5-9 minutes at 60°C. This is known as horizontal 
scalding, and along with causing potentially hygiene issues, it heats the internal temperature to 
43°C. There is another type of scalding that has been used called vertical water scalding. In this 
process, the carcass is hung up and placed in a tunnel where 60°C water is sprayed out of nozzles 
all over the carcass (Irshad and Arun, 2013). There is also a variation of this called the vertical 
condensation scalding in which a double-walled tunnel and a water bath blow steam over the 
hanging carcass with the temperature reaching between 61°C and 64°C. This lasts for 6 minutes 
and does not raise the internal temperature of the meat above 41°C (Irshad and Arun, 2013). This 
potentially could cause a slower decrease and ultimate pH closer to meat that is not heated during 
processing. 
 
Singeing and scalding are sometimes used independently or together. In some processes, the 
carcass is scalded and then undergoes a singing process before the brushing and scraping. The 
process of using only singeing was shown to produce no defects in the meat quality and typically 
lasts a much shorter period and produces similar results. It has also been shown that singeing can 
lend to weight advantage or less weight loss throughout the entire slaughter process (Monin, et al., 
1995). Singeing may provide a way to shorten scalding times or be another alternative that since 
it burns the hair off quickly allows little time for the internal temperature of the meat to rise 
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significantly. It was shown that there was a higher ultimate pH in the carcasses that were singed 
after 20 hours than the ones that underwent scalding procedures (Berg, 1998). 
 
There is also a possibility of changing how quickly the pH declines following scalding by having 
the carcass undergo rapid chilling. Rapid chilling such as brine chilling, CO2 gas or snow, has the 
ability to cool the carcass faster than the traditional freezer. In studies conducted, it was shown 
that the longer the time before the rapid freezing occurred, the further the pH would decline (Frye, 
Mandingo, and Calkins, 1985). There is the possibility that by quickly cooling the carcass after 
scalding, the pH decline may be slowed and then there may the ability to slow postmortem pH 
decline. The idea pf blast chilling has also been examined as a possibility to see the effect on meat 
quality. Blast chilling has shown that it has the ability to maintain an ultimate pH above that of 
scalded carcasses by chilling the carcass for an hour at -25°C and then holding the carcass for 23 
hours at 1°C (Berg, 1998). The ultimate pH is found to be higher in this case than the traditional 
method, and may be able to offset the effects of scalding processes. 
 
Scalding is currently the leading production method used in pork processing to dehair the carcass, 
and this may be creating meat of lesser quality. By determining the possible internal temperature 
of the carcass reached while scalding, it was concluded that a rise in temperature to 43°C could 
occur. By creating heating trials that were able to replicate the postmortem temperature decline of 
a carcass, in vitro postmortem breakdown of the muscle could be carried out. The results of the 
trial showed that the glycolytic muscles, longissimus dorsi and biceps femoris, were significantly 
impacted by the rise in initial muscle temperature caused by scalding. This impacted the pH decline 
and the ultimate pH was significantly lower than the pH seen in muscle that is not heated initially. 
The ultimate pH of meat had been found to impact water holding capacity, color, and drip loss in 
a negative manner.  
  
Conclusion 
The rising of muscle temperature occurring during scalding accelerates and extends postmortem 
pH decline which can have detrimental effects on meat quality. Therefore, data from this study 
suggest that scalding temperature and time durations need to be reevaluated to ensure the optimal 
pork quality development postmortem. Future research based off of this study could be conducted 
to determine the color changes based on the pH following heating trials, the water holding capacity, 
and the differences seen in changing the scalding process. 
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Table 1. Step-wise heating regimens used for the in vitro glycolytic system. 
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 Figure 1. Effect of heating procedure on pH decline of porcine masseter homogenate. 
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 Figure 2. Effect of heating procedure on pH decline of porcine longissimus dorsi 
homogenate. 
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 Figure 3. Effect of heating procedure on pH decline of porcine biceps femoris 
homogenate. 
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